The ATP Binding cassette transporter, ABCA1, controls the initial steps of reverse cholesterol transport, i.e., the release of cellular phospholipids (PL) to lipid-free apolipoproteins (1, 2). This has been unequivocally demonstrated by the study of Tangier patients (3-6), the naturally occurring loss-of-function model in humans, and by the targeted deletion of the ABCA1 locus in mice (7-9). In both cases, the level of circulating HDL cholesterol is highly reduced as a consequence of impaired cellular release of lipids from the membrane to their plasmatic acceptors (10, 11). This hampers the transformation of nascent lipid-free apolipoproteins into the centripetal cholesterol shuttle, the HDL particle. Molecular events required for the formation of a mature HDL particle include three successive steps (2). Surface docking of lipidpoor apolipoprotein, the core of the future HDL, is followed by the release from the cell surface of PL-enriched particles. These now assume the discoidal conformation permissive for cholesterol loading and maturation to spherical HDL. ABCA1 is considered to be rate limiting in the first two steps and indeed it has been demonstrated that the expression of ABCA1 promotes i ) phosphatidylserine (PS) outward flipping at the plasma membrane, ii ) apolipoprotein A-I (apoA-I) binding to the cell surface, and iii ) cellular release of PL to nascent apolipoproteins (9, 12, 13); however, the temporal and causal relationship among the ABCA1-elicited cellular phenotypes is far from being ascertained. In order to gain insight into this complex phenomenon, we elaborated a structure-function map of the ABCA1 transporter. This analyzes the effect of naturally occurring missense mutations on the function of the transporter and is based on the assessment of ABCA1 membrane topology via a systematic epitope insertion approach. We present evidence here that a spectrum of molecular defects can generate a Tangier phenotype by interfering differently with the activity of the molecule. In particular, we could observe, on appropriately engineered molecules, a dissociation between the outward flipping of PS and the surface binding of apoA-I. Since the loss of either function leads to impaired PL effluxes, this demonstrates that both events are absolute prerequisites for PL loading of apoA-I and thus for HDL formation. In addition, by manipulating structural determinants on the ABCA1
The ATP Binding cassette transporter, ABCA1, controls the initial steps of reverse cholesterol transport, i.e., the release of cellular phospholipids (PL) to lipid-free apolipoproteins (1, 2) . This has been unequivocally demonstrated by the study of Tangier patients (3) (4) (5) (6) , the naturally occurring loss-of-function model in humans, and by the targeted deletion of the ABCA1 locus in mice (7) (8) (9) . In both cases, the level of circulating HDL cholesterol is highly reduced as a consequence of impaired cellular release of lipids from the membrane to their plasmatic acceptors (10, 11) . This hampers the transformation of nascent lipid-free apolipoproteins into the centripetal cholesterol shuttle, the HDL particle. Molecular events required for the formation of a mature HDL particle include three successive steps (2) . Surface docking of lipidpoor apolipoprotein, the core of the future HDL, is followed by the release from the cell surface of PL-enriched particles. These now assume the discoidal conformation permissive for cholesterol loading and maturation to spherical HDL. ABCA1 is considered to be rate limiting in the first two steps and indeed it has been demonstrated that the expression of ABCA1 promotes i ) phosphatidylserine (PS) outward flipping at the plasma membrane, ii ) apolipoprotein A-I (apoA-I) binding to the cell surface, and iii ) cellular release of PL to nascent apolipoproteins (9, 12, 13) ; however, the temporal and causal relationship among the ABCA1-elicited cellular phenotypes is far from being ascertained. In order to gain insight into this complex phenomenon, we elaborated a structure-function map of the ABCA1 transporter. This analyzes the effect of naturally occurring missense mutations on the function of the transporter and is based on the assessment of ABCA1 membrane topology via a systematic epitope insertion approach. We present evidence here that a spectrum of molecular defects can generate a Tangier phenotype by interfering differently with the activity of the molecule. In particular, we could observe, on appropriately engineered molecules, a dissociation between the outward flipping of PS and the surface binding of apoA-I. Since the loss of either function leads to impaired PL effluxes, this demonstrates that both events are absolute prerequisites for PL loading of apoA-I and thus for HDL formation. In addition, by manipulating structural determinants on the ABCA1 molecule specifically involved in the binding of apoA-I, we could revert hypomorphic mutant alleles to full function. This opens new therapeutic perspectives to modulate plasma HDL levels based on drug designed to improve the function of poorly performing ABCA1 alleles.
MATERIALS AND METHODS

Generation of informative constructs
All constructs were realized in pBI vector (Clontech). Double tagged constructs were generated by inserting, by overlap extension PCR (14) , the HA epitope (YPYDVPDYA) on the already described ABCA1/EGFP backbone (9) . In each case, an opportunely chosen fragment was modified by amplification with two sets of primers spanning the restriction sites chosen for reinsertion of the fragment in the ABCA1/EGFP backbone (see supplementary material). In five cases, the HA tag was directly inserted into a natural or engineered restriction site on ABCA1 cDNA. Tangier missense mutations were similarly introduced by overlap extension PCR on an ABCA1/EGFP template (see supplementary material). The set of double tagged Tangier variants, possessing an HA tag at position 1433, was generated by introducing the Spl I-Spl I fragment from HA1433 into each Tangier backbone. ⌬ 60-ABCA1/EGFP construct was realized by mutating the third Tyr residue of the HA tag of the HA17 into a stop codon. Constructs, in all the insertion of HA and the specific substitutions on the wild type background were verified by sequencing with the Dynamic ET terminator Cycle sequencing kit (Amersham Pharmacia Biotech, Uppsala Sweden).
Transient transfection and assessment of intracellular traffic
HeLa cells were transiently transfected for 16 h with EXGEN 500 (Euromedex, Mundolsheim, France) accordingly to manufacturer's instruction and immediately seeded for immunofluorescence, biochemical, or functional analysis. Transfection efficiency is assessed by flow cytometric evaluation on a FACScalibur (Becton Dickinson) of the relative amount of transfected cells, i.e., expressing GFP and thus measured as EGFP RFI (relative fluorescence intensity) in the whole cell population. This was consistently higher than 30%. Intracellular trafficking was monitored by both immunofluorescence analysis and surface biotinylation at 60 h after transfection.
In the case of Tangier variants harboring both GFP and the HA tag at position 1433, dual channel flowcytometry was carried out at 60 h after transfection to monitor the amount of staining by the anti-HA antibody (clone 3F10, Roche, Mannheim, Germany) against the GFP signal.
Immunofluorescence was carried out by standard protocols on slides seeded with 3-5 ϫ 10 4 cells and analyzed in X-Y dimensions by a Leica TS100 confocal microscope.
Immunoblot analysis was carried out on lysates from 3-5 ϫ 10 6 cells treated with RIPA buffer (50mM Tris-HCl, pH:8, 150 mM NaCl, 1 mM EDTA and 1% Triton X-100) for 30 min at 4 Њ C. Similar amounts of ABCA1, as normalized with respect to both protein concentration and transfection efficiency, were separated by SDS-PAGE and blotted for 20 h onto nitrocellulose sheets (Schleicher & Schuell, Dassel, Germany) according to standard protocols. The same membrane was subsequently hybridized with either the anti EGFP antibody (clone 7.1/13.1, Boehringer, Indianapolis) or the anti HA antibody (clone 3F10, Roche, Mannheim, Germany) followed by the appropriate antimouse or antirat HRP conjugated IgG (Jackson Immunoresearch, Baltimore) and revealed by ECL (Amersham Pharmacia Biotech, Uppsala Sweden). The stripping step was performed according to the protocol provided by the ECL manual.
Surface biotynilation was carried out on 3-5 ϫ 10 6 cells with 1 mg/ml NHS-LC-biotin (Pierce) in ice cold PBS for 30 min, followed by lysis in RIPA buffer for 30 min at 4 Њ C. Similar amounts of ABCA1, normalized as above, were immunoprecipitated with the anti EGFP antibody (clone7.1/13.1), accordingly to standard protocols. The immunoprecipitated samples were fractionated by SDS PAGE and blotted for 20 h onto nitrocellulose paper (Schleicher & Schuell, Dassel, Germany). The biotinylated protein was then revealed by ECL after hybridization to streptavidine HRP (Amersham Pharmacia Biotech, Uppsala Sweden).
Functional analysis of transiently transfected cells
Fluorescence based assays for surface binding of cyanilated apoA-I or annexin V were carried out as described (12) at 60 h after transfection on 0.5-1 ϫ 10 6 cells on a FACScalibur (Becton Dickinson) and analyzed by Flowjow software (Tree Star Inc., San Carlos, CA). Transfected cell, i.e., expressing GFP, and negative cells were manually gated and analyzed for Cy5 RFI as a measure of binding for ann-V or apoA-I. Results originated from transfected cells in each sample are expressed as a percent of the binding (mean of RFI) elicited by wild-type ABCA1/EGFP chimera transfected in parallel and then averaged from several individual experiments (n is shown in Table 2 ).
Lipid effluxes were assessed on 2 ϫ 10 5 Cells seeded 24 h post transfection in 12 wells plates. After 24 h growth, cells were labeled for 8 h in a serum free medium containing 0.5% BSA, 1.5
Ci/ml 14 C-cholesterol (Amersham), and 10 Ci/ml 3 H-chloride choline (Amersham). Cells were then washed twice in PBS-0.5%BSA, and effluxes where performed for 16 h to a 0.5% BSA serum free medium containing or not 10 g/ml apoA-I (Sigma). Cells where separated from medium and lipids where extracted (15) . Radioactivity in the medium and cells was determined by liquid scintillation counting. The percentage of efflux is the count for the medium divided by the total count and each value is the average of four points. The efflux value was normalized according to the transfection efficiency evaluated by flowcytometry at the end of the experiment. Data, averaged from several experiments, are expressed as the percentage of the efflux generated by wild type ABCA1 transfected in parallel.
Statistical analysis to evaluate significance of the difference between samples and wild-type control was carried out by paired Student's t -test. When analyzing double mutants (HA819/ C1477R and HA819/1466), the comparison was carried out between each double and the relevant loss of function single mutant (C1477R and HA1466, respectively).
RESULTS
Mapping extracellular regions on the ABCA1 transporter
A careful assessment of membrane topology is a prerequisite to establishing a structure function map of polytopic transporters such as ABCA1. To elucidate the position and length of regions exposed to the outer surface of the membrane, we constructed a panel of double tagged ABCA1 molecules. Each construct bears a fluorescent protein (FP; either YFP or EGFP) fused as a C-terminal tailpiece to the murine ABCA1 coding sequence. Such FP chimeras have already been validated as neutral to the folding on the basis of their unaltered subcellular target- ing and function (9) . A second tag in the form of an HA (hemalutinin) epitope was inserted at various positions along the ABCA1 coding sequence ( Fig. 1 ) . Two criteria dictated the selection of insertion sites. Computer-assisted prediction of transmembrane (TM) spanners was employed first to define loops connecting TM helices. The selected regions were further scanned for stretches of high variability by multi-alignment with the sequences of different members of the ABCA family (namely ABCA2, ABCR, ABCA7) (16) . This restriction was expected to highlight regions under loose structural constraints; that is, likely to support the insertion of the heterologous HA nonamer without major consequences on the folding of the translated product.
The whole panel of constructions, schematized in Fig.  1A , was transiently expressed in HeLa cells and tested for expression by immunoblotting after surface biotinylation (Fig. 1B) . A morphological evaluation to assess intracellular localization and accessibility of the HA epitope was carried out in parallel by confocal laser microscopy ( Table 1 ).
All the constructs were similarly and efficiently translated, but they differed markedly in their ability to reach the plasma membrane (Fig. 1B , Table 1 , and Fig. 2 , for an example of representative patterns). Out of the 14 constructs tested, seven showed an increased retention in the endoplasmic reticulum (ER) in comparison with the wildtype transporter. Only five of them (namely HA17, HA115, HA499, HA1345, and HA1615), however, failed to reach the membrane as assessed by both absence of surface biotinylation of the translated product and failure to visualize any plasma membrane localization by morphology (Figs. 1B and 2 ). This suggested a major impairment in the intracellular trafficking either due to misfolding unlicensed by the ER quality control or to the inability to in- teract with a molecular chaperone. In the case of the other constructs, the translated product reached the plasma membrane. There the accessibility of the HA epitope was checked by staining with a specific antibody, either on fresh unfixed or on permeabilized transfected cells (Fig. 2) . The tag inserted at position HA181, HA235, HA1387, HA1423, HA1433, and HA1466, was readily accessible to antibody staining on fresh unpermeabilized cells, thus indicating that these residues are located extracellularly. In contrast, the tag inserted at position 671 was accessible only after cell permeabilization, thus indicating that the loop between the hydrophobic helices TM2 (AA 640-662) and TM3 (681-703) is located intracellularly. Surprisingly, in three cases (HA17, HA710, and HA819) the HA epitope could not be detected by immunofluorescence in either condition nor by standard Western blotting in spite of normal detectability of the FP (Fig. 1B) . Considering that in these cases the HA epitope is inserted in positions very close to the membrane itself (five residues from TM1 for HA17, seven from either TM3 or TM4 for HA710, and two from TM6 for HA819), it is possible that tight interactions with the lipid environment of the membrane bilayer hamper its detectability.
The N terminus
To address the controversial problem of the orientation of the N-terminus, we generated a ⌬ 60 construct, driving the translation from Met ϩ 61 instead of Met ϩ 1, and two additional chimeras harboring the FP tag (YFP in this case) at the N terminus of either the wild-type ABCA1 or of an ABCA1 backbone tagged with HA at position 1433 (which we validated as neutral with respect to folding and function) (Fig. 1 , Table 1 and Table 2 ). The deletion of the first 60 amino acids, which include the first predicted TM, leads to massive retention in the ER likely to be the cause of the reported lack of function of such truncated forms of ABCA1 (17) . In contrast, the presence of a FP fusion at the N-terminus did not hamper the folding of the protein that reaches the plasma membrane ( Fig. 3 ) . We documented, in addition, that the N-terminal FP is not cleaved since both tags are detectable i ) at the membrane, where they colocalize by confocal microscopy and ii ) on a single protein product of the expected size by crossed immunoprecipation and Western blotting on cell lysates (Fig. 3) . Of note, the FP is accessible to staining by a 
Subcellular localization as detected by confocal imaging and confirmed by surface biotinylation. Accessibility of HA epitope in the absence (w/o P) or presence (w P) of membrane permeabilization. ER, endoplasmic reticulum; PM, plasma membrane.
Fig. 2.
Morphological and topological analysis of the HA/EGFP tagged ABCA1 chimeras. Confocal images of a representative set of chimeras are shown in both non permeabilized conditions (A series of panels) and in permeabilized conditions (B series of panels). The EGFP fluorescence pattern is shown in the upper lanes and compared with that of wild-type ABCA1/EGFP (WT). In the lower panels, the HA-specific immunostaining is shown. In the case of HA115, which is massively retained in the ER, this was detectable only after cell permeabilisation. The HA epitope was accessible to staining on fresh cells both in the case of HA1433 and HA1466. The HA tag inserted at position HA819 was undetectable in either condition.
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specific antibody only after cell permeabilisation (not shown). These findings, therefore, provide further evidence that the N terminus of ABCA1 is intracellular and that the first transmembrane helix at position 23-44 behaves as a signal anchor (18, 19) .
An overall analysis of the topological data outlined above is consistent with the model proposed in Fig. 4A . This confirms the already suggested presence of a large extracellular loop (from residue 44 to 640) (18, 19) 
Functional analysis of the informative constructs
To further validate our approach, we checked the functionality of these chimeras via fluorescence based assays assessing two ABCA1-associated activities: the ability to induce the flip of PS in the outer membrane leaflet of expressing cells, measured by binding of Cy5 annexin V, and the ability to elicit surface binding of Cy5 apoA-I (9, 12) ( Table 2 ).
All the chimeras retained in the ER failed to elicit any significant surface binding of both apoA-I and annexin V (as an example of this situation, the results obtained with HA115 are shown in Fig. 5 ). This is consistent with the idea that the presence of the transporter at the plasma membrane is required to elicit both these events.
The chimeras correctly targeted to the plasma membrane differed markedly in their functional behavior in either or both assays (an example is given in Fig. 5 and all the results are summarized in Table 2 ). The insertion of an HA tag at positions 819 (Fig. 5) , i.e., between TM 5 and 6, is not only devoid of negative effects on function but rather induces a significant increase with respect to wildtype ABCA1 of apoA-I surface binding (151% Ϯ 11; n ϭ 4, P Ͻ 0.05) but not of annexin V (109% Ϯ 31; n ϭ 7, P Ͼ 0.05). The HA tag inserted at position 181, 235, 1423, 1433 did not hamper function as assessed by both apoA-I binding and PS flipping (as an example, HA1433 is shown in Fig. 5 ). The chimeras bearing an HA insertion at position 671, 710, 1387, and 1466 (shown as an example in Fig. 5 ), albeit targeted to the plasma membrane, showed a significant reduction in the ability to elicit apoA-I binding associated with variable degrees of impairment in PS flipping (Table 2) . These results, although not conclusive by themselves, hinted that PS flipping could be dissociated from apoA-I binding by the targeting of selected domains on the transporter.
Tangier missense mutations impair ABCA1 function at discrete checkpoints
To progress in our interpretation, we chose then to investigate the functional behavior of selected point mutations. Several mutations have been reported in Tangier disease patients, the naturally occurring human model for ABCA1 loss of function (3) (4) (5) (6) 20) . Most of them, however, are null alleles due to premature truncations of the coding sequence, thus inadequate for structure/function analysis. To fine tune our study, we needed ABCA1-mutant alleles bearing a single amino acid substitution or deletion. Those should be translated into complete proteins whose functional behavior can be assessed. We deliberately excluded mutations in the nucleotide binding folds, i.e., those expected to impair function by interference with the ATPase activity, and conversely selected the mutations located in the extracellular region defined by the topological model proposed in Fig. 4A .
Three point mutations in the region 580-600 had been reported in Tangier pedigrees (namely R587W, W590S, and Q597R). These are located in the large loop in between TM1 and TM2. They were introduced by PCRdirected mutagenesis on an ABCA1/EGFP backbone. Two additional mutants were similarly generated. They harbor a substitution at position 1477, i.e., in the second large extracellular loop between TM7 and TM8 and the deletion of leucine 693 in TM3 (4). It is of note that all the substitutions concern residues conserved in human, mouse, and chicken ABCA1.
The five engineered constructs were transfected and tested by biochemical, morphological, and functional criteria (Fig.  4, Fig. 6 , and Table 3 ). In all cases, a significantly reduced PL efflux from expressing cells was evidenced. This was virtually complete in the case of W590S, Q597R, and ⌬L693, and reduced to one fourth for R587W and C1477R (Table 3) .
Since, however, dramatic differences in intracellular trafficking were detected by both biochemical and morphological analysis, a second set of constructs was generated. These, harboring an HA tag at position 1433, i.e., exposed extracellularly and devoid of interference with the function of the transporter, allow us to document upon transfection the appearance at the cell surface of GFP chimeras by monitoring the signal obtained with an anti-HA antibody as a function of GFP fluorescence. This dual channel flowcytometry analysis, shown in Fig. 4C for the whole set of variants, further corroborated the previously detected differences in intracellular routing.
The pathognomonic sign of Tangier disease, i.e., inadequate PL effluxes, originates in fact from fairly different behaviors exemplified by three categories.
Two of the Tangier transporters (namely Q597R and ⌬L693) reach the plasma membrane very inefficiently, and as a consequence fail to elicit any significant function as measured by surface binding of either annexin V or apoA-I. Here a major trafficking defect is at the basis of the Tangier phenotype.
C1477R falls into a second class since it is detected at the plasma membrane but elicits a significantly reduced binding of apoA-I as compared with wild-type (33% Ϯ 9, n ϭ 6, P Ͻ 0.01 Table 1 ). This is accompanied by a modest and non significant decrease in annexin V binding (53% Ϯ 12, n ϭ 9, P Ͼ 0.05) and by significantly lower PL effluxes (12% Ϯ 2, n ϭ 2, P Ͻ 0.01), thus suggesting that the main defect resides in the inability to elicit apoA-I docking inline with the currently accepted paradigm.
The last category is illustrated by R587W and W590S Tangier transporters, which are correctly targeted to the plasma membrane, but show a marked functional dissociation. Indeed, these variants, while eliciting an apoA-I binding indistinguishable from wild-type ABCA1 (79% Ϯ 5, n ϭ 7, P Ͼ 0.05 and 126% Ϯ 18, n ϭ 6, P Ͼ 0.05 of wild type, respectively) fail to drive both flipping of PS (annexin V binding ϭ 39% Ϯ 11of wild type for R587W, n ϭ 5, P Ͻ 0.05 and 30% Ϯ 9 for W590S, n ϭ 7, P Ͻ 0.01) and membrane release of PL (27% Ϯ 16, n ϭ 3, P Ͻ 0.05 and 16% Ϯ 3, n ϭ 2, P Ͻ 0.01 of wild type, respectively, Table 3 ), thus indicating that apoA-I binding per se is insufficient for the generation of PL effluxes, which also requires PS flipping.
HA 819 acts as a suppressive mutations on Tangier C1477R
Having observed that we could generate mutant transporters showing opposite behaviors with respect of apoA-I surface binding, we asked which effect could result from the introduction of a gain of function mutation on an hypomorphic mutant allele. We thus grafted the HA819, which increases selectively apoA-I binding (151% Ϯ 11 of wild type, n ϭ 4, P Ͻ 0.05), on HA1466 (apoA-I binding ϭ 27% Ϯ 7 of wild type, n ϭ 9, P Ͻ 0.001), and on C1477R (33% Ϯ 9 of wild type, n ϭ 6, P Ͻ 0.01). The latter showed similar levels of annexin V binding (52% Ϯ 10, n ϭ 7 for HA1466 P Ͼ 0.05 and 53% Ϯ 12, n ϭ 9, for C1477R, P Ͼ 0.05).
Although differently engineered, these latter constructs concern proximate residues at position 1466 and 1477 and result in quite similar functional defects in that both lead to an impaired PL efflux accompanied by a reduced ability to bind apoA-I (Tables 2 and 3 ). The double mutants were then tested functionally. In both cases, the presence of an HA tag at position 819 partially and significantly rescued the binding of apoA-I but drove limited and nonsignificant modifications in the annexin V binding with respect to the original loss of function mutation (Table 3 ; apoA-I binding values reverted to 68% Ϯ 6 for HA819/C1477R, n ϭ 4, P Ͻ 0.05 and to 49% Ϯ 7 for HA819/HA1466, n ϭ 6, P Ͻ 0.05, whereas annexin V binding amounted to 57% Ϯ 15, n ϭ 4, for HA819/ C1477R and 54% Ϯ 12, n ϭ 6 for HA819/HA1466 P Ͼ 0.05). In both cases the ability to induce PL effluxes was also significantly increased (HA819/C1477R ϭ 142% Ϯ 2 4, n ϭ 2, P Ͻ 0.01 and HA819/HA1466 ϭ 108% Ϯ 28, n ϭ 4, P Ͻ 0.05). This indicates that in the presence of an adequate PS flipping, the increase in apoA-I binding directly influences cellular lipid effluxes.
DISCUSSION
The data presented here provide a novel insight into some aspects of the molecular function of the ABCA1 transporter with major physiopathological implications. The first issue concerns the membrane topology of ABCA1. By the use of an epitope insertion approach, we provide a model of ABCA1 arrangement at the plasma membrane schematized in Fig. 4A . This predicts a symmetrical protein with a short intracellular N terminus followed by a first TM helix anchoring a large extracellular loop; a similar architecture is proposed for the second half of the protein starting from the putative TM spanner, previously called HH1 (21) , which acts as an in-to-out seventh TM helix. This model is perfectly consistent with the topological arrangement recently assessed by the mapping of glycosilation sites (19, 22) and corroborates then the hypothesis that all the ABC transporters belonging to the A class share a similar topology (23) .
The intracellular positioning of the N terminus and its presence in the final product is consistent with the results of Fitzgerald (19) and the prediction based on homology to ABCR (23, 24) . It is nonetheless in conflict with the results of Tanaka (18) , indicating that the first TM is cleaved and acts as a signal peptide. The latter conclusion was principally supported by the inability to detect the HA epitope fused at the N terminus of ABCA1 by Western blotting. In our case, the use of FP as a tag and the combination of both biochemical and morphological evidence has allowed to clarify the issue.
We could, in addition, by the coupled topological and functional analysis of naturally occurring ABCA1 mutant alleles, document that multiple molecular defects ensue in a Tangier phenotype are defined as the inability to induce membrane release of PL.
The first checkpoint is at the level of intracellular rout- Table 3 summarizes the functional data obtained. ing; indeed, the failure to reach the plasma membrane leads consistently to loss of function. This finding, which reproduces the case of the ⌬F508 in the CFTR transporter, i.e., the most common mutation causing cystic fibrosis (25) , indicates that efficient cellular release of PL requires the presence of a functional ABCA1 at the plasma membrane. A different situation is illustrated by the ABCA1 variants, which, albeit correctly targeted, show decreased functionality. There the loss of PL effluxes can result from either defective PS flipping or reduced apoA-I binding. Whereas a direct causal relationship between apoA-I binding levels and effluxes is not surprising, this is the first report pointing out that the isolated absence of PS flipping is associated with inefficient cellular release of PL. This data clearly indicate that apoA-I binding is not in itself sufficient to drive lipid loading of apolipoproteins but that this latter also requires the membrane destabilization characterized by the outward PS flip. These results are in apparent contrast with those of Smith, who, while confirming that the presence of ABCA1 leads to exposure of PS, could not find a direct functional correlation between the outward flip of PS and cholesterol effluxes (26) ; however, it has to be pointed out that they tested the correlation during PS exposure induced by apoptosis. This cannot be considered equivalent to the physiological ABCA1-dependent model, which is consistently dissociated from the major cellular dismantling accompanying cell death (9, 12) . In addition, our results provide an adequate explanation for the lack of lipid effluxes in cells still able to efficiently bind apoA-I. This is the case of the Tangier variant W590S, whose behavior has also been documented by Fitzgerald et al. (22) .
Several implications stem from these results. They bring indirect support to the hypothesis that ABCA1 plays a key role in the formation of circulating HDL particles when nascent apolipoproteins are available in large amounts (27) . This would be consistent with the in vivo results, suggesting that the maintenance of HDL plasma levels depends only minimally on ABCA1 in macrophages, cells theoretically in contact with negligible amounts of nascent apolipoproteins (28) .
Further extrapolating along the same line of thought, PS flipping could be coupled to alternative dockings of yet unknown molecules in macrophages, but also in other dedicated cell lineages (29) . This may be at play for instances of the phagocytosis of apoptotic corpses, a second homeostatic circuit under the influence of ABCA1 (9, 30) .
Finally, these results provide, in essence, the molecular clues to the variable penetrance of clinical signs in Tangier pedigrees (10) . Given molecular defects borne by specific ABCA1 mutant alleles may, in fact, account for clinical variability.
A last set of conclusions is linked to the observed dissociation between the two ABCA1-dependent functions explored in this study. This, by defining structural determinants strategic for the surface binding of apolipoproteins, may support the previous suggestions of their physical contact with ABCA1 (13, 31) ; however, it cannot be excluded that the interaction between ABCA1 and apoA-I is indirect and dependent on both an intact ATPase activity of the transporter and the presence of structural determinants (12, 13) .
In particular, the results obtained with both tagged and single mutant molecules indicate that residues proximate to position 1477, in the second large extracellular loop, are crucial for apoA-I docking at the cell surface but devoid of major incidence on flippase activity. Of note residue 1477 is a cysteine. Since the presence of disulfide bridges connecting the two halves of the protein has been shown for ABCR and, by extension, suggested for ABCA1, C1477 may well be strategic for the structural configuration of extracellular domains (23); however, considering that the loss of apoA-I binding in C1477R can be rescued by a suppressive mutation in the loop between TM5 and TM6 unable in itself to restore a disulfide bridge, it seems more likely that the coexistence of two discrete modifications in the putative apoA-I docking domain can fine tune its spatial conformation. Moreover, the fact that the presence on the same ABCA1 molecule of two mutations with opposite effects leads to suppression of the defect borne by the hypomorphic one and to complete functional recovery conveys potential clinical implications. Indeed, it reveals that novel strategies of drug-design targeted to conformational modifications of the apolipoprotein/ ABCA1 contact groove can be developed. These will be particularly appropriate to increasing the functionality of ABCA1 alleles which, while not leading to overt Tangier phenotype, are associated to a reduction of plasma HDL levels (32-34) and thus to an increased risk for cardiovascular disease (35, 36) .
